The purpose of this study was to evaluate how ultrasonic cleaning of silica-coated zirconia surfaces would influence the latter's bond strength to resin luting material. Forty zirconia specimens were divided into four groups: one air abrasion group and three silica-coated groups. Silica-coated specimens were cleaned with distilled water using an ultrasonic cleaner after tribochemical silica coating and then divided into three groups according to cleaning durations: 1 minute, 5 minutes, or without cleaning. Following which, resin luting material was polymerized against the specimens. After storage in water for 24 hours, the specimens were subjected to shear bond strength test. Shear bond strength of silica-coated group without cleaning was significantly higher than the other three groups, but there were no statistically significant differences among the three latter groups. SEM images suggested visible differences among the treatment methods. With EDXS analysis, it was revealed that ultrasonic cleaning decreased the silica content on the treated surfaces. Therefore, results showed that ultrasonic cleaning of tribochemically silica-coated zirconia surfaces decreased the adhesion efficacy to resin luting material.
INTRODUCTION
A number of zirconium oxide ceramic systems have been introduced for implant prostheses to leverage on their high biocompatibility and chemical stability 1, 2) . Recently, non-silica ceramics -such as yttrium-stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramics -have been successfully employed for indirect bonded restorations due to their excellent fracture toughness and esthetical properties 3) . However, to achieve clinical success in prosthetic treatments, an indispensable requisite is a strong and durable luting material bond to the zirconiabased ceramic restorations. Many bonding systems have been developed for fixed restorations made with zirconia-based ceramics. To achieve a strong bond to zirconia-based ceramics, surface preparation such as air abrasion or use of luting materials with functional monomers or etching technique have been developed and investigated [4] [5] [6] . Similarly, many reports have shown that tribochemical silica coating of restorations effectively increased the bond strength of resin luting materials to zirconia-based ceramics [7] [8] [9] [10] [11] [12] .
In clinical or laboratory settings, the silica-coated surfaces of restorations are prone to unexpected and inadvertent pollution by saliva or a diverse array of pollutants.
When this happens, it is highly recommended that the treated surface be cleaned. However, cleaning a treated surface may cause the bond strength between the luting material and restoration to decrease. In a previous report 13) , it was shown that silica tribochemically impregnated on metal surface was not cleaned with distilled water using an ultrasonic cleaner. However, the extent of deleterious effect of cleaning zirconia-based ceramic surfaces impregnated with silica was not clear, although some silica remained on the material surface after cleaning. Further, the effect of cleaning using an ultrasonic cleaner on the bond strength between silica coating material and luting material has not been clarified. Against the above backdrop of unanswered concerns, this study sought to examine how ultrasonic cleaning of zirconia-based ceramic surfaces treated with tribochemical silica coating may influence the bond strength between resin luting material and zirconia surface. On the silica content that remained on the surface after cleaning, energy dispersive X-ray spectroscopy (EDXS) was carried out to analyze the element distributions on the treated surfaces after cleaning. Table 1 lists the materials that were used to prepare the specimens in this study. Forty pieces (approximately 6×6 mm) of zirconia-based Y-TZP ceramic (Lava, 3M ESPE Dental Products, Seefeld, Germany) cut by a low-speed cutting machine were embedded in an epoxy resin (SpeciFix 20 Kit, Struers A/S, Rodovre, Denmark). The surfaces of zirconia were polished with #120 silicon carbide abrasive paper (Struers A/S) under water irrigation to remove pollutants and to obtain a flat uniform surface in the same manner as described previously 14, 15) . Specimens were divided equally into four groups according to the treatment procedure for the bonding surface: silica coating, silica coating with ultrasonic cleaning (1 minute), silica coating with ultrasonic cleaning (5 minutes), or air abrasion (for control).
MATERIALS AND METHODS

Specimen preparation
• For the control, the bonding surface polished with silicon carbide paper was finished with air abrasion using a laboratory sandblaster (Hi-Blaster III, particle size: 50 μm aluminum oxide, Shofu Co., Kyoto, Japan). Blast pressure was 2.8 Pa for 10 seconds for 1 cm distance. After air abrasion, specimens were cleaned with distilled water using an ultrasonic cleaner (USD-1R, AS ONE, Osaka, Japan) for 5 minutes at 40 kHz to remove all blaster particles and debris.
• For silica coating (without cleaning) group and silica coating groups with ultrasonic cleaning (1 and 5 minutes), tribochemical silica coating (Rocatec Plus, 3M ESPE Dental Products) was performed. Blast pressure was 2.8 Pa for 15 seconds for 1 cm distance on the bonding surface, which was prepared in the same manner for the control group. The device was set up such that there was a distance of 5 mm between the nozzle and the bonding surface, and the surface was blasted for 30 seconds. Specimens of the silica coating group were cleaned with only a soft air blow for 5 seconds.
• For silica coating groups with ultrasonic cleaning (1 and 5 minutes), specimens were returned to the ultrasonic bath (USD-1R, AS ONE) with clean distilled water at 40 kHz for 1 minute and 5 minutes respectively, after tribochemical silica coating. The wetted specimens were left to dry in the air for 60 minutes. Except for the control group, all the bonding surfaces were applied with a thin layer of silane coupling agent (ESPE Sil, 3M ESPE) using a disposable paintbrush. The wetted surfaces were left to dry in the air for 5 minutes.
Resin luting material (Panavia F 2.0, Kuraray Medical, Okayama Japan) was polymerized on the bonding surface using a Teflon mold. The Teflon mold was used to make a luting material cylinder because Teflon does not react with the luting material. Each prepared Teflon mold (n=10 per group), with a depth of 2.0 mm and a diameter of 3.6 mm, was placed on a treated bonding surface, and filled with the luting agent using a syringe tip. Luting material was polymerized using a light curing unit (New Light VL-II, GC Corp., Tokyo, Japan; optic diameter: 8 mm).
Irradiance was checked immediately before each application to the resin luting material, using a radiometer (Demetron/Kerr, Danbury, CT, USA After polymerization was completed, the specimens were stored in distilled water at 37°C for 24 hours.
Shear bond strength measurement and statistical analysis Shear bond strengths were determined after 24 hours' storage in distilled water. For each of the four groups, specimens were mounted on a testing machine (Autograph DCSC-2000, Shimadzu, Kyoto, Japan), and shear stress was applied at a crosshead speed of 0.5 mm/minute. Data obtained for each of the four groups were statistically compared using one-way ANOVA and Student-Newman-Keuls method.
After the shear test, all the failed specimens were examined using a light microscope (×4) (SMZ-10, Nikon, Tokyo, Japan) to determine the nature of their fractures. Failure type was noted as adhesive, cohesive, or mixed. Effects of the treatment on failure type were analyzed using Chi-square test.
SEM observation of bonding surfaces
Before the shear test, a scanning electron microscope (SEM) (DS-720, Topcon Corp., Tokyo, Japan) was employed to detect and observe morphological changes in the bonding surface due to the different treatment methods.
Prior to SEM observation, specimens were dried in a desiccator for 24 hours and then gold-coated using an ion sputter (JFC-1100E, JEOL, Tokyo, Japan).
Energy dispersive X-ray spectroscopy (EDXS) analysis
EDXS analysis (Noran Voyager III M3100, NORAN Instruments Inc., Middleton, Wisconsin, USA) was carried out to analyze the element distributions on the bonding surfaces treated with different methods and ultrasonic cleaning durations before shear test. Table 2 presents the mean values and standard deviations of shear bond strength for the four test groups. The mean shear bond strength value for the silica coating (without cleaning) group was significantly higher (P<0.05) than the other three groups -namely, air abrasion (control) and silica coating with ultrasonic cleaning for 1 minute and 5 minutes.
RESULTS
However, there were no statistically significant differences among the three latter groups. Whereas silica coating with ultrasonic cleaning groups (1 and 5 minutes) failed adhesively, silica coating group and control showed mixed failure in some specimens. The effect of treatment method on failure type was also observed statistically (P<0.05) ( Table 3 ). Figure 1 shows the SEM images of the bonding surfaces subjected to different surface treatments before the shear test. The SEM image of test surface which was only polished with #120 silicon carbide abrasive paper showed slight grooves of straight and parallel lines due to pretreatment with abrasive paper.
With control (air abrasion group), a roughened irregular surface was obtained due to sandblasting. With silica coating group, a higher degree of roughening was obtained due to tribochemical silica coating of sandblasted surface. Conversely, for silica coating groups with ultrasonic cleaning (1 and 5 minutes), the higher degree of roughening disappeared and a lower degree of surface irregularity than control was observed. Figure 2 depicts the EDXS analysis spectra of the bonding surfaces treated with different methods. The spectrum of silica coating group clearly revealed the existence of silica on the bonding surface. From the spectra of silica coating groups with ultrasonic cleaning for 1 and 5 minutes, decrease in silica content was clearly observed when compared with the spectrum of silica coating group. Table 3 Fracture modes of the specimens after shear test 
DISCUSSION
In this study, the effect of ultrasonic cleaning of silica-coated surfaces on bond strength was examined. In addition, SEM analysis and EDXS analysis were carried out to further investigate the causes and effects thereof.
From the shear test results in this study, the mean values of shear bond strength of the four test groups ranged approximately between 7 and 10 MPa (Table 2) . These values agreed with the results of a previous study that investigated the shear bond strength between tribochemically silica-coated zirconia-based ceramics and resin luting material 5) . Based on one-way ANOVA and Student-NewmanKeuls method, silica coating without cleaning showed the highest bond strength (p<0.05) ( Table 2 ). This result revealed the effect of tribochemical silica coating of zirconia-based ceramic surfaces on bond strength. With ultrasonic cleaning, the effect of silica coating on bond strength seemed to be lost. The SEM image of silica coating group showed a distinct roughening effect on the bonding surface with Rocatec particles (Fig. 1) . The SEM image of the control also showed roughening with air abrasion using 50-μm aluminum oxide. The SEM images of the two groups using ultrasonic cleaner were similar to the image of the control, although irregularity was moderate compared with the control. From these images, it was shown that the tribochemical silica coating of these two groups seemed to be cleared away with ultrasonic cleaning. However, the EDXS spectral analysis results of the treated test surfaces indicated that some silica still remained on the surface after ultrasonic cleaning. This survival of remnant silica on the zirconia surface was consistent with the result of a previous study, which reported that silica stuck to the dental alloy after ultrasonic cleaning 13) . Due to the limitations of this study, it was not clarified why some silica failed to survive the ultrasonic cleaning, whereas some did. However, based on the results gathered from shear bond strength test, SEM images, and EDXS spectra, it was surmised that silica stuck on zirconia-based ceramic surface came off easily with ultrasonic cleaning. At this juncture, it must be mentioned that Rocatec is a system that uses air abrasion. Treated surface was abraded not only with silica, but also alumina particles that were coated with silica. If the tribochemically coated silica were cleared away from the treated surface, then the Rocatec system served only as an air abrasion apparatus. The particle size of the Rocatec Plus system used in this study was 110 μm. If Rocatec were regarded as a mere air abrasion apparatus, then abrading the surface with 110-μm aluminum oxide particles is not always favorable from the morphological viewpoint for adhesion.
Large particles produce a smaller superficial area on the bonding surface than small particles. The control surface was abraded with 50-μm aluminum oxide, and differences in particle size would bring about variations in superficial area size. Incidentally, the size of superficial area on a bonding surface directly influences bond strength. On the other hand, the locking force caused by surface roughening is another important parameter that increases bond strength. However, distinct structural changes that exert locking force could not be observed from the SEM images. A statistical effect of treatment method on failure type was also observed (P<0.05) ( Table 3) . Both silica coating groups with ultrasonic cleaning showed adhesive failure consistently as opposed to some specimens in the control group that showed mixed failures, although these three groups did not show statistically significant differences in bond strength. It is also noteworthy that the particle size used for blasting in the control group (50 μm) was smaller than that of Rocatec Plus (110 μm). On the premise that the effect of coated silica was lost due to ultrasonic cleaning, the mixed failures in the control group could be due to the degree of irregularity caused by the particle size of the blasting particles.
Results of this study showed the effectiveness of tribochemical silica coating on zirconia-based ceramics with respect to bond strength, but also the precautions to be exercised with this method. As for the relationship between the particle size of Rocatec system and the effectiveness of silica coating, it remained unclear. On the factors that influenced the bond strength between resin luting material and silica-coated zirconia-based ceramic surface, it was revealed that tribochemically silica-coated restorations should not be cleaned with an ultrasonic cleaner.
This means that after silica coating, pollution of treated surfaces should be avoided to the best of ability. These results were useful for the clinical and technical aspects when handling zirconiabased ceramic restorations. Since limited products were tested in this study, further investigation would indeed be beneficial. In particular, it would be interesting and insightful to clarify the process of cleaning action against silica stuck on zirconia-based ceramic surfaces. Within the limitations of this study, it was concluded that ultrasonic cleaning of tribochemically silica-coated, zirconia-based ceramic restorations should be avoided. This is because it was shown to decrease the shear bond strength of resin luting material to zirconia surfaces.
